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Abstract 

Interfacial  lithium-ion  transfer  at  the  LiMn2C>4  thin  film  electrode/aqueous  solution  was  investigated.  The  cyclic  voltammograms  of  the  film 
electrode  conducted  in  the  aqueous  solution  was  similar  to  an  adsorption-type  voltammogram  of  reversible  system,  suggesting  that  fast  charge 
transfer  reaction  proceed  in  the  aqueous  solution  system.  We  found  that  the  activation  energy  for  this  interfacial  lithium-ion  transfer  reaction  obtains 
23-25  kJ  mol-1 ,  which  is  much  smaller  than  that  in  the  propylene  carbonate  solution  (50  kJ  mol-1)-  This  small  activation  energy  will  be  responsible 
for  the  fast  interfacial  lithium-ion  transfer  reaction  in  the  aqueous  solution.  These  results  suggest  that  fast  lithium  insertion/extraction  reaction  can 
be  realized  by  decreasing  the  activation  energy  for  interfacial  lithium-ion  transfer  reaction. 

©  2007  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Rechargeable  lithium-ion  batteries  (LIBs)  have  received 
much  attention  in  recent  years  as  a  power  source  for  hybrid  or 
electric  vehicles.  However,  there  are  some  problems  to  address 
when  applying  this  battery  system  in  those  large  devices,  such  as 
power  density,  safety,  and  cost.  In  general,  commercially  avail¬ 
able  lithium-ion  batteries  use  organic  solvents  in  the  electrolyte. 
This  organic  electrolyte  is  flammable  and  toxic,  raising  prob¬ 
lems  from  the  viewpoint  of  safety.  Moreover,  the  use  of  organic 
solvents  can  seriously  slow  charge  transfer,  in  this  case  inter¬ 
facial  lithium-ion  transfer,  and  hence  the  reaction  rate  at  the 
electrode/electrolyte  interface,  leading  to  a  decrease  in  power 
density  [1-3]. 

One  effective  method  for  overcoming  these  problems  will 
be  to  replace  the  organic  electrolytes  with  aqueous  solution. 
The  idea  of  using  aqueous  solution  as  the  electrolyte  in  LIBs 
was  first  reported  by  Dahn  and  co-workers  [4].  It  is  true  that 
LIBs  using  aqueous  solution  cannot  operate  at  high  voltage, 
but  such  systems  are  safe  and  inexpensive,  have  a  low  environ¬ 
mental  load,  and  the  lithium-ion  conductivity  is  very  high.  In 
addition,  Lee  and  Pyun  have  pointed  out  that  charge  transfer 
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resistance  occurring  in  aqueous  solution  system  becomes  very 
small.  They  suggested  this  reason  that  resistive  surface  film  is 
not  formed  on  the  electrode  surface  in  aqueous  solution  system 
and  then  charge  transfer  reaction  is  not  impeded  by  the  sur¬ 
face  film  unlike  the  case  of  organic  electrolyte  system  [5].  Our 
group  has  focused  on  the  kinetics  of  interfacial  lithium-ion  trans¬ 
fer  reaction  at  the  electrode/electrolyte  interface  and  found  that 
there  is  large  activation  energy  for  interfacial  lithium-ion  transfer 
process  at  conventional  organic  electrolyte/electrode  interface 
[6-10].  Moreover,  this  large  activation  energy  has  been  clearly 
observed  even  in  the  interfacial  lithium-ion  transfer  process 
at  conventional  organic  electrolyte/inorganic  solid  electrolyte 
interface,  where  such  resistive  surface  film  will  not  be  expected 
on  the  solid  electrolyte  surface  [3].  From  these  results,  it  will  be 
considerable  that  smaller  interfacial  lithium-ion  transfer  resis¬ 
tance  observed  in  aqueous  solution  are  originated  from  other 
factors.  Although  some  researchers  have  reported  on  the  aque¬ 
ous  lithium-ion  battery  system  [4,5,1 1],  few  studies  have  focused 
on  these  kinetic  aspects  of  the  interfacial  lithium-ion  transfer 
reaction  at  the  electrode/aqueous  solution  [5]. 

Spinel- structured  LiMn204  has  a  three-dimensional  frame¬ 
work.  Lithium  ions  are  electrochemically  removed  from 
tetrahedral  8a  sites  in  the  anodic  reaction,  and  they  can  be 
reinserted  into  the  same  sites  in  the  cathodic  reaction  over  the 
compositional  range  0  <  x  <  1  in  Li^M^O^  This  unique  struc¬ 
ture  prevents  the  insertion  of  a  hydroxyl  group  in  the  framework. 


696 


N.  Nakayama  et  at.  /Journal  of  Power  Sources  174  (2007)  695-700 


Moreover,  this  material  has  remarkable  selectivity  for  lithium 
ions,  and  can  display  lithium-ion  sieve  properties  [12],  Although 
the  Li+-H+  ion-exchange  reaction  has  been  reported  by  sev¬ 
eral  authors  [13-16],  these  reactions  usually  occur  at  lower  pH 
(acidic)  conditions.  According  to  the  reported  Pourbaix  diagram 
[17],  it  is  expected  that  the  lithium  insertion/extraction  reac¬ 
tion  of  LiM^CU  can  operate  stably  also  in  aqueous  solution  in 
appropriate  pH  range. 

Based  on  the  above  concept,  we  investigated  the  kinetics 
of  interfacial  lithium-ion  transfer  at  the  LiMmOa  thin  film 
electrode/aqueous  solution.  Thin  film  electrodes  have  several 
advantages  over  composite  electrodes  for  investigating  inter¬ 
facial  reactions.  They  are  thin,  flat,  and  free  from  impurities, 
such  as  conductive  additives  and  acetylene  black,  and  can  pro¬ 
vide  a  uniform  potential  distribution  in  the  electrode.  We  have 
already  fabricated  LiMn204  thin  film  electrodes  by  pulsed  laser 
deposition  and  reported  their  electrochemical  lithium  inser¬ 
tion/extraction  reactions  in  conventional  organic  electrolytes 
[10].  The  results  shown  here  are  discussed  in  comparison  with 
those  results. 

2.  Experimental 

2.1.  Preparation  of  LiMnz04  thin  films  by  pulsed  laser 
deposition 


the  electrochemical  measurements  were  conducted  in  it  at  room 
temperature.  Measurements  were  also  conducted  in  1  mol  dm-3 
LiC104  dissolved  in  propylene  carbonate  (PC)  solution  using 
three-electrodes  cell  which  had  same  configuration  with  the 
above  aqueous  solution  system.  In  those  electrochemical  mea¬ 
surements,  same  lithium  metal  foils  were  used  as  both  reference 
and  counter  electrodes,  and  the  measurements  were  performed 
in  an  argon-filled  glove  box  at  room  temperature. 

2.3.  Measurement  of  interfacial  lithium-ion  transfer 
resistance  at  the  LiMn204  thin  film  electrode/electrolyte 
interface 

Interfacial  lithium-ion  transfer  resistance  at  LdVh^CV 
aqueous  solution  was  investigated  by  AC  impedance  spec¬ 
troscopy.  The  electrode  potential  was  kept  at  a  given  potential 
until  the  residual  current  decreased  down  to  0.1  p-A.  After  the 
cell  attained  equilibrium,  the  AC  impedance  measurement  was 
carried  out  at  that  potential.  The  impedance  was  measured  by 
applying  a  sine  wave  of  5  mV  (rms)  amplitude  over  the  frequency 
range  of  100  kHz  to  10  mHz.  This  measurement  was  conducted 
over  the  temperature  range  of  278-323  K.  These  measurements 
were  also  conducted  on  the  cell  employing  organic  electrolyte. 

3.  Results  and  discussions 


Highly  crystalline  LdVh^CU  thin  films  with  ca.  60  nm  in 
thickness  were  prepared  by  pulsed  laser  deposition.  PLD  was 
conducted  in  a  vacuum  chamber  made  of  stainless  steel.  A  KrF 
excimer  laser  (248  nm,  Japan  Storage  Batteries,  Model  EXL- 
210)  was  used  as  a  light  source.  The  laser  beam  was  focused  on 
the  target  at  an  incident  angle  of  45°.  The  energy  density  of  the 
beam  was  fixed  at  1.4  Jem-2,  which  was  measured  with  a  joule 
meter  (Gentec,  EC-500),  with  a  repetition  frequency  of  10  Hz. 
The  base  pressure  of  the  vacuum  chamber  was  <5  x  10-3  Pa. 
Oxygen  gas  was  introduced  into  the  chamber  and  the  pres¬ 
sure  was  maintained  at  23  Pa  during  deposition.  Thin  films  of 
LiMn204  were  deposited  on  quartz  glass  covered  with  Pt  film 
prepared  by  RF  sputtering  and  the  deposited  area  was  0.07  cm2. 
The  substrate  temperature  was  maintained  at  973  K  during  the 
deposition  and  the  deposition  time  was  1  h.  The  distance  between 
the  target  and  substrate  was  kept  at  50  mm.  The  resultant  films 
were  characterized  by  XRD,  and  both  the  total  mass  and  the 
Li/Mn  ratio  of  the  deposited  thin  films  were  analyzed  by  ICP- 
AES. 

2.2.  Cyclic  voltammetry  measurement  of  the  LiMn2C>4  thin 
films 

Electrochemical  lithium  insertion/extraction  reactions  of  the 
LiMn204  thin  films  were  investigated  by  cyclic  voltamme¬ 
try.  Electrochemical  measurements  were  carried  out  using 
three-electrode  cells.  The  counter  and  reference  electrodes 
were  platinized  platinum  mesh  electrode  and  a  NaCl-saturated 
Ag/AgCl  electrode,  respectively.  The  aqueous  solution  used  in 
this  study  was  LiNOa  or  LiCF3SC>3  dissolved  in  ultra-pure 
water.  The  three-electrode  cell  was  sealed  in  a  glass  case  and 


3.1.  Characterization  of  LiMn204  thin  films 

Fig.  1  shows  an  XRD  pattern  of  the  thin  film  deposited  on 
a  quartz  glass  covered  with  a  Ti/Pt  thin  film.  Diffraction  peaks 
assigned  to  spinel-structured  LiMn204  were  clearly  observed 
[18].  Broad  diffraction  peaks  at  around  20°  were  from  the  quartz 
glass  substrate,  and  the  peaks  observed  at  39.7, 46.2,  and  67.5° 


26>(CuK<x)/  degree 


Fig.  1.  XRD  pattern  of  LilVhuCV  thin  film  deposited  on  platinum  sheet.  Peaks 
marked  by  asterisk  (*)  are  from  the  substrate. 
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Fig.  2.  Cyclic  voltammograms  of  LiMn204  thin  films  in  (a)  1  mol  dm  3  LiClCL- 
PC  and  (b)  1  mol  dm”3  LiN03-H20  (v  =  1  mVs"1). 

were  from  the  Pt  film.  Measurement  by  ICP-AES  revealed  that 
the  Li/Mn  ratio  in  the  thin  film  was  0.48.  These  results  reveal 
that  the  prepared  thin  films  are  highly  crystalline  and  nearly 
stoichiometric  spinel-structured  LiM^C^. 

3.2.  Cyclic  voltammetry  measurement  of  LiMn20 4  thin 
films 

Fig.  2(a  and  b)  show  cyclic  voltammograms  at  third  cycle 
of  LiMmOa  thin  films  in  1  mol  dm-3  LiClC>4-PC  and  in 
1  mol  dm-3  L1NO3-H2O,  respectively.  In  Fig.  2(a),  two  cou¬ 
pled  current  peaks  were  observed  at  4.0  and  4.135  V  in  Eeq 
(vs.  Li/Li+).  These  are  in  good  agreement  with  the  previ¬ 
ous  report,  and  these  peaks  are  due  to  the  phase  transition  of 
LiMmOa  during  its  lithium-ion  insertion/extraction  reaction 
[19].  The  shape  of  the  voltammogram  in  Fig.  2(b)  is  identical 
to  Fig.  2(a),  and  the  two  coupled  current  peaks  were  observed 
at  0.763  and  0.898  V  in  Eeq  (vs.  Ag/AgCl).  The  potential  differ¬ 
ence  between  these  two  peaks  consisted  with  that  observed  in 
organic  electrolyte  system.  These  results  indicate  that  the  elec¬ 
trochemical  lithium-ion  insertion/extraction  reaction  in  these 
LiM^Oa  thin  film  electrodes  occur  in  aqueous  solution  as  with 
the  case  of  the  organic  electrolyte  system.  Stable  voltammo¬ 
grams  were  obtained  for  the  repetition  of  the  cycles  in  both 
cases. 

We  focused  on  the  current  peaks  at  the  lower  potential  in  the 
CVs,  and  both  the  peak  currents  and  the  peak  potentials  were 


lmol  dm'3LiC104-PC  C=> 
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Fig.  3.  Variation  of  (a)  the  current  peaks  and  (b)  the  peak  potential  at  the  lower 
potential  in  Fig.  2  against  potential  sweep  rates.  Data  shown  by  circles  are  from 
1  mol  dm-3  L1NO3-H2O  and  those  by  triangles  are  from  1  mol  dm-3  LiClCL- 
PC.  The  closed  points  are  from  anodic  reaction  and  the  open  ones  are  from 
cathodic  reaction. 


plotted  against  potential  sweep  rates.  Fig.  3(a)  shows  the  rela¬ 
tionship  between  the  current  peaks  and  potential  sweep  rates. 
Also,  Fig.  3(b)  shows  the  variation  of  peak  potentials  against 
potential  sweep  rates.  As  shown  in  Fig.  3(a),  both  the  anodic 
and  cathodic  current  peaks  tended  to  increase  in  direct  pro¬ 
portion  to  the  potential  sweep  rate,  which  continued  above  at 
least  20mVs_1  in  the  case  of  the  aqueous  solution  system. 
It  should  be  noted  that  the  peak  potential  did  not  change  in 
this  potential  sweep  region,  as  shown  in  Fig.  3(b),  and  the 
peak  separation  between  the  anodic  and  cathodic  current  peak 
(AFpk)  was  or  less  10  mV.  On  the  other  hand,  in  the  case  of  the 
organic  electrolyte  system,  the  peak  current  increased  in  pro¬ 
portion  with  potential  sweep  rates  below  10  mV  s_1,  but  this 
proportionality  deviated  from  a  straight  line  after  that.  In  addi¬ 
tion,  the  AFpk  varied  with  the  potential  sweep  rate  as  shown  in 
Fig.  3(b). 

Li  and  co-workers  fabricated  nanostructured  LiMmOa  elec¬ 
trodes  consisting  of  LiM^Oa  nanotubules  and  investigated  the 
A£pk  for  the  lower  pontential  reaction  against  potetntial  sweep 
rates  in  aqueous  solution  system  [11].  The  A£pk  showed  very 
small  value  (ca.  10  mV)  in  case  of  fine  samples  at  low  scan  rate 
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(0.3  mV),  while  the  A£pk  increased  with  the  increase  of  potential 
sweep  rates.  As  compared  with  their  results,  our  film  electrodes 
observed  in  aqueous  solution  maintained  the  initial  A£pk  value 
even  in  higher  potential  sweep  rates.  As  will  be  described  later, 
the  charge  transfer  reaction  in  this  aqueous  solution  system  pro¬ 
ceeds  very  fast.  Therefore,  the  different  situation  of  the  A£pk 
against  potential  sweep  rates  will  be  ascribed  to  the  difference 
in  geometry  of  electrode. 

When  a  current  peak  increases  in  direct  proportion  to  the 
potential  sweep  rate,  this  voltammogram  is  generally  recog¬ 
nized  as  a  nondiffusion  (adsorption)-type  voltammogram  [20]. 
This  voltammogram  is  typically  observed  when  the  concentra¬ 
tion  of  the  redox  species  at  the  electrode  surface  is  consistent 
with  that  of  the  bulk  solution,  and  then  the  effects  of  mass 
transfer  of  the  redox  species  on  the  electrode  reaction  can  be 
neglected.  In  addition,  in  the  case  of  reversible  reaction  systems, 
the  charge  transfer  reaction  proceeds  much  faster  than  the  mass 
transfer  reaction,  and  the  A£pk  becomes  0  in  ideal  case  regard¬ 
less  with  the  potential  sweep  rates.  Although  redox  peaks  in  the 
voltammogram  of  this  aqueous  solution  system  remain  small 
peak  separation  (10  mV)  as  shown  in  Fig.  3(b),  this  is  probably 
because  this  reaction  does  not  occur  only  on  the  electrode  sur¬ 
face  and  reaction  current  due  to  the  lithium-ion  diffusion  into 
the  electrode  mainly  correspond  to  the  peak  current.  However, 
because  the  film  electrodes  are  very  thin,  lithium-ions  in  the 
film  electrodes  will  be  able  to  achieve  equilibrium  rapidly  and 
then  the  diffusion  of  lithium  ions  in  the  film  electrode  will  not 
be  the  rate-determining  step  at  these  scan  rates.  This  prospect 
can  be  supported  from  the  result  that  the  /p  did  not  increase  in 
proportion  to  the  square  root  of  the  potential  sweep  rate  in  both 
cases. 

It  will  be  reasonable  to  expect  that  the  lithium-ion  diffusion 
itself  in  the  film  electrodes  proceeds  in  the  same  manner  in  both 
cases,  and  then  the  differences  shown  in  Fig.  3(a  and  b)  do  not 
originate  from  the  diffusion  of  lithium-ion  in  the  film  electrode. 
Of  course,  conductivities  in  these  solutions  are  different,  and 
electrolyte  resistance  of  organic  electrolyte  is  larger  than  that  of 
aqueous  solution  as  shown  in  later  AC  impedance  spectra.  But 
the  estimated  iR  drop  in  organic  electrolyte  was  smaller  than 
AEpk;  for  example  iR  drop  at  v  =  30  mV  s-1  is  roughly  calcu¬ 
lated  to  be  15  mV,  which  is  much  smaller  than  the  value  of  A£pk 
at  this  potential  sweep  rate  ( Aispk  =  167  mV).  These  results  sug¬ 
gest  that  the  differences  of  electrode  reaction  properties  shown  in 
Fig.  3(a  and  b)  are  ascribed  to  the  interfacial  lithium-ion  transfer 
reaction  rates  in  both  cases. 

3.3.  Interfacial  lithium-ion  transfer  reaction  at  the 
LiMn.204  thin  film/aqueous  solution  interface 

Fig.  4(a  and  b)  show  the  Cole-Cole  plots  of  LiMniCU  thin 
films  in  organic  electrolyte  and  in  aqueous  solution,  respectively. 
Because  the  electrode  potentials  are  different  from  each  other; 
these  data  were  obtained  at  nearly  the  same  lithium-ion  compo¬ 
sition  in  LiMn204,  that  is,  at  3.95  V  for  the  organic  electrolyte 
system  and  at  0.75  V  for  the  aqueous  system.  Both  spectra  are 
composed  of  a  semicircular  arc  in  the  high  frequency  region,  fol¬ 
lowed  by  a  vertical  line  to  the  real  axis.  The  Warburg  impedance 
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Fig.  4.  Cole-Cole  plots  of  interfacial  lithium-ion  transfer  reaction  at  (a) 
LiMn2C>4  thin  film/1  mol  dm-3  IJCIO4-PC  at  3.95  V  (vs.  Li/Li+)  and  (b) 
LiMn204  thin  film/1  mol  dm"3  LiN03-H20  at  0.75  V  (vs.  Ag/AgCl). 

corresponding  to  semi-infinite  diffusion  was  not  observed  in 
either  plot,  indicating  that  the  lithium-ion  diffusion  reaction 
into  the  thin  film  electrode  proceeds  quickly.  These  semicir¬ 
cular  arcs  are  assigned  to  the  interfacial  lithium-ion  transfer 
reaction  at  the  LiMmOa  thin  film  electrode/electrolyte  interface. 
The  interfacial  lithium-ion  transfer  resistance  estimated  from  the 
diameter  of  the  semicircular  arcs  was  4000  Q  in  the  organic  elec¬ 
trolyte  system,  and  that  valued  only  20  Q  in  the  aqueous  solution 
system.  This  drastic  decrease  observed  in  aqueous  solution  is 
identical  to  results  reported  by  Lee  and  Pyun  [5], 

The  temperature  dependence  of  the  interfacial  lithium-ion 
transfer  resistances  was  measured  to  investigate  the  kinetic 
aspects  of  these  interfacial  lithium-ion  transfer  reactions.  The 
Arrhenius  plots  of  reciprocal  charge  transfer  resistance  multi¬ 
plied  by  absolute  temperature  against  reciprocal  temperature  are 
shown  in  Fig.  5.  These  data  were  fitted  to  straight  lines  in  every 
case,  indicating  that  the  reciprocal  charge  transfer  resistance 
multiplied  by  absolute  temperature  can  be  expressed  as  follows: 


where  Ea  is  the  activation  energy,  T  the  absolute  tempera¬ 
ture,  R  the  gas  constant,  Rct  the  interfacial  lithium-ion  transfer 


N.  Nakava 


'  al.  /Journal  of  Power  Sources  174  (2007)  695-700 


699 


1000  t'/k'1 

Fig.  5.  Temperature  dependency  for  interfacial  lithium-ion  transfer  resistance 
of  LiMn204  thin  film  in  (•)  1  mol  dm-3  LiCF3S03-H20,  (O)  0.1  mol  dm-3 
LiCF3S03-H20,  and  (A)  1  mol  dm”3  LiC104-PC. 

resistance,  and  A  the  pre-exponential  factor.  According  to  the 
above  equation,  the  activation  energy  was  measured  in  1  and 
0.1  mol  dm-3  LiNOj  aqueous  solutions  and  the  values  were  cal¬ 
culated  to  be  24  kJ  mol- 1  in  both  cases.  The  Rct  in  1  mol  dm-3 
UNO3  aqueous  solution  was  smaller  than  that  in  0.1  mol  dm-3 
one,  which  is  probably  because  of  the  difference  of  lithium-ion 
activity  in  the  solutions.  On  the  other  hand,  the  activation  energy 
was  valued  at  50  kJ  mol- 1  in  the  case  of  organic  electrolyte  sys¬ 
tem,  which  is  in  good  agreement  with  our  previous  work  [10]. 
The  activation  energy  was  also  measured  in  the  aqueous  solu¬ 
tions  dissolving  LiCF3S03  at  the  same  concentrations,  and  the 
results  are  summarized  in  Table  1.  The  activation  energy  gave 
nearly  the  same  values  even  when  the  salt  was  changed  from 
LiN03  to  LiCF3S03.  These  results  strongly  suggest  that  this 
activation  energy  depends  on  the  interaction  of  lithium  ions  with 
water  molecules. 

Smaller  activation  energy  observed  in  aqueous  solution  indi¬ 
cates  that  fast  interfacial  lithium  transfer  reaction  proceeds  at  the 
LiMn2C>4  thin  film  electrode/aqueous  solution  interface.  In  our 
previous  study  on  the  interfacial  lithium-ion  transfer  reaction  at 
the  lithium  ion  conductive  solid  electrolyte/organic  electrolyte 
interface,  there  is  large  activation  energy  for  the  reaction  process 
at  the  electrode/organic  electrolyte  interface,  and  the  activa¬ 
tion  energies  strongly  depended  on  the  solvent  species  [3].  The 
difference  in  the  activation  energies  between  solvents  was  in 
good  agreement  with  the  difference  in  the  reaction  enthalpies 

Table  1 

Summaries  of  activation  energies  for  interfacial  lithium-ion  transfer  reaction  in 


different  kinds  of  aqueous  solution 

Salt  species  Concentration  (mol  dm-3)  £a  (kJ  mol-1) 

LiN03  0.1  24 

1.0  24 

LiCF3S03  0.1  25 

1.0  23 


(Li+  + single  solvent  =  Li+-single  solvent).  From  these  results, 
we  concluded  that  the  interfacial  lithium-ion  transfer  reaction 
through  the  solid  electrolyte/organic  electrolyte  interface  is 
strongly  affected  by  the  desolvation  process.  We  have  already 
checked  that  this  idea  can  be  applied  also  to  electrode/organic 
electrolyte  interface  where  surface  resistive  film  can  be  formed 
on  the  electrode  surface  [6-10].  The  hydration  enthalpy  of 
lithium  ions  has  been  calculated  to  be  — 142  ±  8  kJ  mol- 1  [21], 
which  is  much  smaller  than  the  calculated  reaction  enthalpy 
of  a  single  PC  molecule  with  lithium-ion  (— 217.8  kJ  mol-1) 
[3],  Thus,  the  smaller  activation  energy  measured  in  the  aque¬ 
ous  solution  system  seems  to  be  explained  qualitatively  by  its 
smaller  reaction  enthalpy.  However,  the  difference  in  the  reac¬ 
tion  enthalpies  is  much  larger  than  that  of  the  activation  energies, 
indicating  that  we  cannot  simply  apply  the  above  idea  for  the 
aqueous  solution  system.  Details  of  the  reaction  mechanism 
could  not  be  elucidated  only  from  this  work,  but  we  specu¬ 
late  that  most  considerable  reason  will  be  the  difference  of 
the  transition  state  for  the  desolvation  process  in  the  aqueous 
solution  system  probably  because  of  its  small  molecular  size 
of  water  compared  with  the  organic  molecule.  Of  course,  the 
difference  in  the  ground  state  for  the  interfacial  lithium-ion 
transfer  reaction  should  also  be  considered.  These  are  currently 
under  investigation,  which  will  be  reported  elsewhere  in  the  near 
future. 

4.  Conclusions 

The  interfacial  lithium-ion  transfer  reaction  at  the  LiMn204 
thin  film  electrode/aqueous  solution  interface  was  investigated 
and  the  results  were  compared  with  the  conventional  organic 
electrolyte  system.  Aqueous  solution  systems  can  largely 
decrease  the  reaction  resistance  in  comparison  with  the  propy¬ 
lene  carbonate  (organic)  electrolyte  system,  which  is  in  good 
agreement  with  previous  reports. 

We  found  that  the  activation  energy  for  the  interfacial  lithium- 
ion  transfer  reaction  in  aqueous  solution  markedly  decreases 
down  to  23-25  kJ  mol-1,  and  does  not  tend  to  be  affected  by 
either  the  anion  species  or  the  lithium-ion  activity  in  the  solu¬ 
tion.  This  small  activation  energy  will  enhance  the  interfacial 
lithium-ion  transfer  reaction  rate,  which  permits  a  fast  charge 
transfer  reaction  rate.  The  cyclic  voltammograms  observed  in 
the  aqueous  solution  was  similar  to  an  adsorption-type  voltam- 
mogram  of  reversible  system.  Also,  these  results  support  the  idea 
that  fast  lithium-ion  insertion/extraction  reaction  can  be  realized 
by  decreasing  the  activation  energy  for  interfacial  lithium-ion 
transfer  reaction. 
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